A saccharide-assisted hydrothermal route starting from a single iron precursor was employed to study the influence of reducing saccharides on the formation of iron oxide (Fe 3 O 4) nanoparticles (NPs). Fe 3 O 4 NPs, which were confirmed by X-ray diffraction analysis, were successfully synthesized by a hydrothermal method in which mannose, maltose, lactose, and galactose served as reducing agents. The formation of Fe 3 O 4 NPs was also confirmed by Fourier transform infrared spectroscopy. Samples exhibited different crystallite sizes estimated based on line profile fitting as 12 ± 2, 9 ± 2, 13 ± 3, and 9 ± 3 nm for mannose, maltose, lactose, and galactose, respectively. Magnetic characterization results revealed superparamagnetic features of the NPs obtained with galactose, mannose, and maltose.
Introduction
Magnetic nanoparticles (MNPs) have attracted considerable interest in recent years due to their unusual properties different from their bulk counterparts. MNPs have a high specific surface area that can be utilized for many applications in microwave absorption, 1 Superparamagnetism (nothing but an ensemble of NPs, in which the interparticle magnetic interactions are sufficiently weak. When the interparticle interactions are nonnegligible, the system eventually shows collective behavior, which overcomes the individual anisotropy properties of the particles) is a form of magnetism that appears in small ferromagnetic or ferrimagnetic NPs. In small enough NPs, magnetization can randomly flip direction under the influence of temperature. In the absence of an external magnetic field, when the time used to measure the magnetization of the NPs is much longer than the Néel relaxation time (time between 2 flips), their magnetization appears to be on average zero; they are said to be in the superparamagnetic state. In this state, an external magnetic field is able to magnetize the NPs, similarly to a paramagnet. However, their magnetic susceptibility is much larger than that of paramagnets.
28,29
In this paper, we report a facile and green method for the synthesis of superparamagnetic Fe 3 O 4 NPs using commonly available saccharides as reducing agents. We compared the effect of 5 different saccharides as reducing agents on the sizes for superparamagnetic Fe 3 O 4 .
Results and discussion

XRD analysis
The XRD powder diffraction patterns of Fe 3 O 4 NPs synthesized with different saccharides are presented in Figure 1 , which shows that all of the observed diffraction peaks belong to Fe 3 O 4 and they can be indexed by the cubic structure of Fe 3 O 4 (JCPDS no. 19-629), revealing a high phase purity of the product, and the diffraction peaks are broadened owing to very small crystallite size. The mean size of the crystallites was estimated from the diffraction pattern by line profile fitting method using the equation given below. 30, 31 The line profile, shown in Figure 1 , was fitted for 5 observed peaks with the following Miller indices: (220), (311), (400), (511), and (440). In the XRD powder pattern of the product, no other iron oxide peaks were observed. The average crystallite sizes of the product obtained as a result of this line profile fitting are tabulated in the Table. It is important to note that fructose did not lead to the formation of MNPs.
where q is the scattering vector, < R > is the average grain size, and σ is the standard deviation of the grain size. this simple approach allows the synthesis of magnetite NPs to be extended into the industrial range with mass production.
34
The sugars that can reduce Tollen's reagent and Fehling's solution are known as reducing sugars. They contain a free aldehydic or ketonic group along with a hydroxyl (OH) group on the carbon adjacent to these groups. However, fructose can be a reducing sugar after the following transformation. Figure   2 . Therefore, it is suggested that the carboxylate group in this study might bind to the magnetite surface symmetrically. 
TEM analysis
TEM images of SPION synthesized with different saccharides and their size distribution histograms obtained from the TEM micrographs are presented in Figures 3 and 4 , respectively. Particles are observed to have a mixture of spherical-like, rod-like, and dendritic nanostructure with some extent of agglomeration. However, the TEM images of the particles prepared in the presence of fructose are highly agglomerated and do not have a cubic morphology. The procedure with fructose did not produce MNPs due to the nonreducing feature of fructose. The average sizes of the NPs synthesized with different saccharides were calculated by counting ∼100 particles by using different TEM images. The sizes estimated from the TEM micrographs are in good agreement with the crystallite sizes estimated from the XRD line profile fitting, which may reveal the nearly single crystalline character of Fe 3 O 4 NPs. The calculated particle sizes of the products are tabulated in the Table. (a) (b) 
Thermal analysis
TGA measurements can reveal the percentage of a coating agent on the surface of Fe 3 O 4 NPs that could prevent the agglomeration of the particles due to the steric hindrance present among them. TG thermograms for the green synthesis of Fe 3 O 4 NPs assisted by mannose, galactose, fructose, lactose, and maltose are presented in Figure 5 and the percent organic and inorganic content of the products are tabulated in the Table. There are 2 weight-loss processes in each TGA curve: the initial one as a result of the dehydration of the samples and the second one due to the evaporation and the desorption of the coating agents (including corresponding saccharides and gluconic acid). that can adsorb a larger amount of coating agents on the particle surface, and vice versa. 34 The Fe 3 O 4 NP system synthesized with the assistance of maltose and lactose has the smallest crystallite size as well as the size calculated from TEM images, while the highest weight loss is also observed for these carbohydrates, which are both disaccharides. As a result, the small size leads to the formation of a thicker coating on the surface of the NPs. Moreover, since both maltose and lactose are disaccharides each containing a glucose unit, they are initially hydrolyzed into their corresponding reducing monosaccharides: 2 equivalents of glucose for maltose and 1 equivalent from both galactose and glucose for lactose. Then these monosaccharides are oxidized to their acidic forms such as gluconic acid. Each equivalent of disaccharides yields 2 equivalents of monosaccharides, while mannose and galactose only yield 1 equivalent. This, in turn, causes the Fe 3 O 4 NPs synthesized by monosaccharides to be larger and have a thinner coating and the ones prepared with disaccharides to be smaller and yet have a thicker surface coating. features, namely unsaturated magnetization and the absence of coercivity. However, saturation magnetization values of these samples are different in such a way that the specimens with galactose and mannose have higher saturation magnetization values (Ms ∼ 60 emu/g) compared to those of the sample prepared in the presence of maltose (Ms ∼ 40 emu/g). According to the XRD patterns shown in Figure 1 , the crystallinity is better in samples prepared with the assistance of galactose and mannose, and so the magnetization is higher. In the sample prepared with fructose, the target phase (i.e. magnetite) was not formed at all, and thus the magnetization was very weak even at high fields. The small fraction of the magnetite phase in the sample prepared with lactose along with its lower crystallinity resulted in a weaker magnetization (Ms = 20 emu/g) at high fields yet again. As a result, the magnetization measurements reveal that the reducing agents mannose and galactose promote the phase formation of magnetite. Even for these samples, the magnetization is smaller than that of the bulk particles, which is around 92 emu/g. 42 This reduced magnetization is another feature of superparamagnetic NPs and can be explained by the surface spin disorder and spin canting effects, 43,44 which occur when the surface to volume ratio of particles increases while the particle size decreases. The magnetic behavior of superparamagnetic NPs can be described by Langevin function, which is used to fit the experimental M-H hysteresis curves to calculate the mean magnetic moment of particles: µ = M s πρD 3 /6. Thus, it is possible to get the average diameter (D) of NPs by using the experimentally determined Ms value and the density of the magnetite ( ρ = 5.18 g/cm 3 ). Hence, we obtained the mean magnetic moment of particles as 14.909 µ B and the average diameter as 9.6 nm, which are close to the values derived from XRD patterns. Figure 6 inset shows Langevin fit of the measured M-H hysteresis curve of NPs synthesized in the presence of galactose.
Magnetization measurements
Room temperature M-H hysteresis curves of magnetite
Conclusion
A simple, ecofriendly and economical, single-and inexpensive-precursor-based hydrothermal approach assisted by mannose, galactose, fructose, maltose, and lactose was used to synthesize Fe 3 O 4 NPs. The particle size of the Fe 3 O 4 NPs synthesized with different saccharides varied from 3.8 to 13.1 nm. Except for fructose, all saccharides acted as bifunctional agents: both as the precursor of the reducing agent to make the formation of the magnetite phase only from the Fe (III) precursor, FeCl 3 , and as the source of the coating agent to form small Fe 3 O 4 NPs by preventing particle growth and agglomeration. The procedure did not result in the expected product when fructose-a nonreducing monosaccharide-was employed. The coated Fe 3 O 4 NPs have potential biotechnological and biomedical applications as well as potential use in magnetic resonance imaging and catalysis. Moreover, since there is no need to protect the reaction environment by an inert gas, this simple technique can be applied to obtain Fe 3 O 4 NPs in the industrial range with mass production.
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Experimental
Materials
All chemicals were of analytical grade and were used without further purification. Ferric chloride hexahydrate ( 
Characterization
X-ray powder diffraction (XRD) analysis was conducted on a Rigaku Smart Lab Diffractometer operated at 40 kV and 35 mA using Cu K α radiation.
High resolution transmission electron microscopy (HR-TEM) analysis was performed using a JEOL JEM 2100 microscope. A drop of diluted sample in alcohol was dripped on a TEM grid.
Fourier transform infrared (FT-IR) spectra were recorded in transmission mode with a PerkinElmer BX FT-IR infrared spectrometer. The powder samples were ground with KBr and compressed into a pellet. FT-IR spectra in the range 4000-400 cm −1 were recorded in order to investigate the nature of the chemical bonds formed.
The thermal stability was determined by thermogravimetric analysis (TGA, PerkinElmer Instruments model, STA 6000). The TGA thermograms were recorded for 5 mg of powder sample at a heating rate of 10 • C/min in the temperature range of 30-800
• C under nitrogen atmosphere.
VSM measurements were performed using a vibrating sample magnetometer (LDJ Electronics Inc., Model 9600). The magnetization measurements were carried out in an external field up to 15 kOe at room temperature.
Synthesis of Fe 3 O 4 magnetic NPs
An appropriate amount of mannose was dissolved in 50 mL of deionized water followed by the addition of 0.9 g of ferric chloride under vigorous stirring (saccharide to FeCl 3 molar ratio was 3:1). Then concentrated ammonia was added to the solution until the pH reached ∼ 10. After 30 min, the mixture was transferred into a Teflon-lined stainless steel autoclave and sealed; afterwards it was heated to 180
• C and kept at this temperature for 48 h (Scheme c). The mixture then was cooled to room temperature and the product was collected by using a permanent magnet, washed 3 times with deionized water, and dried under vacuum at 60 • C overnight. Other MNPs were prepared by using the same procedure except that the mannose was replaced with maltose, lactose, or galactose. Another experiment when fructose was used as a negative control was also performed. The proposed reduction mechanism of the reaction and the synthesis of Fe 3 O 4 NPs are summarized and the experimental set-up is illustrated in Scheme.
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